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Abstract 


1.  A  **balaiiccd**  theoretical  approach 


Our  goal  has  been  to  develop  a  generally  applicable,  $eini«einpincal 
approach  for  quantitatively  interpreting  Auger  line  shapes  for  covalently 
bonded  systems.  In  this  regard  we  examine  four  main  topics.  First,  because 
the  Cmi-Sawatzk*  iheory  was  ongioally  derived  for  initially  hlled,  single 
bands  in  metals,  we  present  our  grounds  for  applying  it  to  covalent 
systems.  Second,  we  examine  the  problem  of  un^ed  bands,  and  third, 
emphasize  the  importance  of  satellites.  The  role  of  satellites  are  examined 
with  regard  to  benzene,  graphite,  and  the  new  carbon  material.  oft«i 
referred  to  as  '‘buckybair.  Finally  we  present  resulu  of  an  appUcauoo  to 
'‘carbidic'*  carbon  on  Nt,  where  fundamental  new  infonnation  was  obtained 
concerning  the  nudeation  of  graphite  at  hi^er  temperatures.  In  our  dts* 
cussions,  results  from  the  interprcuuon  of  the  C  KW  Auger  line  shapes  of 
live  diflerent  gas  phase  hydrocarbons  (methane,  ethane,  cydoheitnc, 
benzene,  and  ethylenel.  hve  diflerent  solids  (polyethylene,  diamond,  graph* 
ite.  '‘buckybair.  and  ntdtel  carbides),  and  a  molecuUrly  chemisorbed 
system  (ethylene/Ni)  are  included. 

Our  ga£l  has  been  to  build  a  generally  applictble,  semi- 
empirical  model  for  quantitatively  interpreting  Auger  line 
shapes  for  covalently  bonded  systems.  This  model  must 
have  a  balanad  validity  and  be  relatively  convenient  to  uae, 
so  that  it  can  be  utilized  for  a  wide  variety  of  materials  of 
technological  interest.  Our  objective  is  to  enhance  the  suit¬ 
ability  of  Auger  spectral  line  shape  analysis  as  a  source  of 
electronic  structure  infonnation. 

We  know  that  a  complete  solution  of  Schrddinger’s  equa¬ 
tion  for  a  two-hole  final  state  in  a  molecule  or  cluster  gives 
an  excellent  interpretation  of  the  Auger  line  shape  But  this 
approach  is  inconvenient,  and  can  only  be  performtxi  on  the 
sunplesi  of  molecutes.  If  the  interpretation  of  Auger  line 
shapes  is  ever  going  to  provide  a  convenient  and  useful 
means  of  extracting  electronic  structure  infomtaunn  on  a 
wide  range  of  materials,  a  theory  must  be  provided  which  is 
widely  applicable,  convenient  to  use,  and  balanced  with 
regard  to  its  validity  and  fundamental  justification.  Con¬ 
siderable  progress  has  been  made,  but  much  remainii  to  be 
done. 

After  mitially  presenting  our  “balanced”  theoretical 
approach.  1  will  examine  four  topics.  More  extensive  reviews 
of  lur  work  have  been  published  elsewhere  [1-5.1.  In 
Section  2, 1  will  present  our  intuitive  grounds  for  applying 
the  Cim-Sawatzky  theory  to  covalent  systems.  TTus  is 
important,  because  the  theory  was  onginally  derived  for  ini¬ 
tially  tilled,  single  bands  in  metals.  In  Section  3, 1  examine 
the  problem  of  unhllcd  bands,  and  in  Section  4  the  unpor- 
tance  of  satellites.  We  examine  the  role  of  satellites  with 
regard  to  benzene,  graphite,  and  tne  new  material,  C.., 
often  referred  to  as  “butkyball".  In  Section  5,  I  present 
results  of  an  application  to  “carbidic"  carbon  on  Ni,  where 
fundamental  information  was  obtained  from  interpretation 
of  the  line  snape.  Section  6  contains  a  brief  summary  and 

'  ---I'.,-.-  -nriTM- iTUffT-re-umn 


A  theoretical  prescription  for  generating  the  principal  kvv 
component  of  the  Auger  line  shape  can  generally  be 
expressed  by  the  equation  [6], 

f,wr(£)  **  [Pui»  +  6xx‘i  (i) 

In  eqn.  (1),  the  function  A  is  the  Cini-Sawatzky  function,  [7, 

8] 


A(E,AU,p,p') 


_ pV(£) _ 

[1  -  AV/(E)y  +  [d£/)tpV’(£)]' 


(2) 


which  introduces  hole-hole  correlation  effects,  and  distorts 
the  DOS  self-fold.  At/  is  the  effective  hole-hole  correlation 
parameters  and  /(£)  is  the  Hilbert  transform, 

I* 

f(£)-  Uir  -!»(■)/(£ -s)  da.  (3) 


The  Cini  function,  which  distorts  the  DOS  self-fold  for 
treatment  of  Auger  line  shapes  in  solids  will  be  discussed 
more  fully  below  (Section  2V  In  eq.  (1)  we  [6,  9-11]  have 
included  additional  arguments  in  A  to  make  explicit  the 
point  that  the  total  theoretical  kw  line  shape  is  a  sum  of 
components,  with  each  If  component  (e.g.  the  ss,  sp  and  pp 
components  or  more  appropriately  each  multiplet 
having  an  energy  shift,  and  a  hole-hole  correlation 
parameter,  A(/u,  (these  two  parameters  are  defined  more 
fully  in  Section  2X  and  with  each  component  derived  from  a 
fold  of  the  p,  and  Pr  DOS  (e.g.  s  or  p).  B  is  a  normalization 
constant  and  the  R,’>  and  Pur's  are  core  hole  screemng 
factors  and  atomic  Auger  matrix  elements,  respecuvely,  to 
be  defined  below. 

The  facton  /?,  included  in  eq.  (1)  are  to  make  the  theory 
consistent  with  the  final  state  rule  for  Auger  line  shapes 
[12],  The  final  sMte  rule  indicates  that  (1)  the  shape  of  the 
individual  ffs  contributions  should  reflect  the  DOS  in  the 
final  state,  and  (2)  the  intenaitv  of  each  ffs  cnombution 
should  reflect  the  electron  configuration  of  the  iniual  state. 
For  the  xw  line  shape,  the  final  state  has  no  core  hole.  In 
general  it  is  assumed  that  the  DOS  in  the  final  state  and 
ground  sute  are  similar,  so  that  the  spectral  shape  of  p, 
should  reflect  the  ground  DOS.  However,  the  mitial  state  m 
the  kw  process  has  a  core  bole,  therefore  the  integrated  p, 
should  reSect  the  electron  configuration  of  the  imual  core 
bole  (CHS)  state.  The  R,  factors  are  defined. 


Hi  =  J  PoaXe)  I  PXs)  <!«• 


In  most  systems,  tbe  R,  factors  are  similar  so  that  they  are 
generally  ignored.  Effectively  this  ignores  the  "static  ’  effects 
of  core  hole  screening.  The  R,  factors  are  imoortant  oni\ 
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when  one  orbital  momentum  component  dominates  the 
screening.  This  apparently  occurs  m  many  metals  such  as  in 
Li  and  Be.  and  in  the  L23  VV  line  shapes  for  Na,  Mg,  A1 
and  Si.  where  the  core-hole  screemng  is  dominated  by  the 
valence  s  electrons  as  opposed  to  the  p  electrons.  However, 
consideraule  disagreement  exists  as  to  the  dominant  screen¬ 
ing  charge  in  some  jystems.  For  example,  Jennison  et  al 
[13]  on  the  basis  of  a  semi-empmcal  theory  argue  that  the 
core-hole  screening  involves  mainly  the  s  electrons  m  Be, 
while  recent  calculations  by  Almbladh  and  Morales  [14] 
argue  that  the  p  electrons  dominate.  Recent  results  [14]  also 
indicate  that  the  total  Auger  rates  calculated  from  wave 
functions  perturbed  by  a  static  core  hole  are  a  factor  of  2-4 
larger  than  those  calculated  from  ground  state  orbitals. 
Thus  static  core  hole  screening  is  important  for  all  Auger 
processes,  but  it  is  known  to  significantly  alter  the  Auger 
profile  just  for  certain  systems.  An  analysis  of  the  profile  can 
shed  some  light  on  the  nature  of  the  core  hole  screemng 
process. 

Consistent  with  our  goal  to  develop  a  balanced,  consis¬ 
tent.  and  convenient  model,  we  have  utilized  empirically 
determined  atomic  .Auger  matrix  elements,  and  usually 
an  empirical  density  of  states  (DOS),  p,  as  well.  The  latter 
also  contains  inherent  widths,  so  these  are  also  obtained 
empirically. 

The  atomic  Auger  matrix  elements  have  been  calculated 
for  much  of  the  periodic  table  within  a  one-electron 
Hartree-Foek-Slater  approximation  by  McGu.re  [15]  and 
Walters  and  Bhalla  [16],  or  in  a  Dirac-tiartree-Slater 
approximation  by  Chen  and  Crasemann  [!"  18].  A  com¬ 
plete  review  of  csilculated  Auger  transiuon  probabilities  has 
been  published  [19].  We  have  shown  that  the  ratios 
P.u/F.m  and  fnf  a  filled  s  or  p  shell  (i.e.  5'  or  p’) 

are  remarkably  constant  with  Z,  the  atomic  number. 
However,  companson  with  experimental  ratios  reveal  that 
electron  correlation  effects  dramatically  alter  these  ratios  (by 
factors  of  two  or  more)  so  that  the  one-electron  results  are 
inadequate  for  use  in  line  shape  analyses.  Therefore,  either 
electron  correlation  must  be  included,  such  as  by  per¬ 
forming  a  configuration  interaction  (Cl  calculation)  or  the 
one-electron  results  must  be  scaled  [5,  20].  For  all  carbon 
compounds  we  used  :  Pi,, :  P,„  =  0.8 : 0.5 ;  I  [6]. 

A  basic  concent  in  AES  concerns  the  nature  of  the  density 
of  states  (DOS)  aflected  in  the  line  shape.  First,  it  is  well- 
known  that  AES  samples  a  sue  specific  DOS,  i.e.  the  DOS 
specific  10  that  atomic  with  the  initial  core  hole.  A  self-’  Id 
of  ihc  appropnate  one-electron  density  of  states  (DOS)  on 
ihis  site.  p(£). 

p*p(£)  =  JpfE  -  e)p(£)  de.  (5) 

then  represents  a  first  approximauon  to  the  line  shape  [21]. 
Hence,  almost  all  line  shape  analyses  start  with  a  determi¬ 
nation  of  the  one-electron  DOS. 

We  have  often  used  an  empirical  procedure  to  obtain  the 
DOS.  Photoeiectron  spectroscopy  (x-ray  or  ultraviolet.  XPS 
or  UPS)  IS  often  used  independently  or  a  combination  of 
x-ray  emission  (XES)  and  XPS.  along  with  theoretical  calcu¬ 
lations  Furthermore,  many  of  the  molecular  orbitals  (MO’s) 
in  1  •  alkanes  have  pnraanly  either  carbon-carbon  (C-C) 

>r .  oon-hvdrogen  iC-Hl  bonding  character  [22]  or  <r  or 

laracier  lor  the  aikenes.  In  ihe  Auger  srectrura.  it  has 


been  shown  previously  [23]  that  final  states  involving  these 
different  MO’s  have  different  hole-hole  repulsions.  There¬ 
fore.  the  p  DOS  must  be  separated  in  the  pec  and  pcH  or  p, 
and  p,  components.  We  have  given  presenptions  for  doing 
this  previously  [24, 6]. 

Sweral  arguments  can  be  given  for  utilizing  semi- 
empirically  denved  DOS,  even  for  simple  molecules  [6]. 
First,  most  one-electron  theoretical  calculations  do  not 
include  electron  correlation  effects  and  therefore  do  not  give 
sufficiently  accurate  binding  energies.  Second,  the  semi- 
cmpincal  DOS  include  approximatie  widths  for  each  orbital 
feature.  Assuming  the  XES  and  XPS  spectra  utilized  to 
obtain  the  DOS  were  measured  at  sufficiently  high 
resolution,  these  widths  pnmanly  reflect  broadening  due  to 
the  vibrational  state  manifold  of  the  final  state  which  project 
onto  ihe  core  initial  state  in  XES,  or  the  ground  state  in 
PES.  The  DOS  self-fold.  p*/^£)  then  has  twice  the  vibra¬ 
tional  broadening  consistent  in  first  approximation  with  the 
Auger  two-hole  final  state. 

Matthew  has  determined  that  if  Ihe  core  lifetime  is  much 
less  than  a  vibrational  period,  and  if  the  electron-phonon 
coupling  and  linear  dielectric  response  are  linear,  then  the 
widths  for  photoemission  and  Auger  processes  are  compar¬ 
able  for  the  case  of  localized  holes  m  ionic  crystals  [25].  On 
the  other  hand,  for  rare  gases  physisorbed  on  metal  surfaces, 
the  Auger  width  (FWHM)  will  be  about  3  times  greater 
than  the  PES  width.  Other  accurate  calculations  for  the  O; 
molecule  indicate  that  the  Auger  width  is  about  a  factor  of  2 
greater  than  the  PES  width  (i.e.  that  a  PES  self-fold  is  a 
reasonable  approximation  to  the  Auger  widths)  [26].  Thus 
the  self-fold  of  PES  or  XES  data  may  not  accurately  repro¬ 
duce  the  Auger  widths,  but  it  appears  to  be  a  good  first 
approxunation  to  them,  at  least  for  molecules  when  vibra¬ 
tional  broadening  dominates. 

It  is  unportant  to  include  the  vibrational  widths  of  the 
vanous  orbital  states  for  a  quantitative  interpretation  of 
experimental  spectra,  at  least  for  molecules.  Often  sophisti¬ 
cated  techniques  are  uulized  to  obtain  the  one-eicctron 
DOS,  without  considenng  the  vibrational  widths.  After  cal- 
culaung  the  energies  and  intensities  by  theory,  a  bar 
diagram  (i.e.  zero  widths)  is  then  compared  with  the  experi¬ 
mental  data.  Someumes  a  constant  broademng  of  all  lines  is 
uulized.  Using  these  procedures,  the  presence  of  satellites 
someumes  has  not  even  been  recognized,  particularly  when 
the  normal  kvv  line  shape  accounts  for  all  the  major  fea¬ 
tures. 

The  above  gives  a  summary  of  what  is  meant  by  a  “bal¬ 
anced”  approach.  To  obtain  an  accurai  theoretical  many- 
body  DOS.  but  then  to  ignore  the  w.^ths,  or  to  use  the 
one-electron  atomic  matnx  elements,  makes  the  effort  in 
obtaimng  the  accurate  DOS  fniitless.  To  extract  meaningful 
information  from  the  Auger  line  shape,  reasonable  DOS, 
widths,  and  atomic  matrix  elements  must  be  utilued.  We 
have  most  often  obtained  these  empincally  along  with 
strong  theoretical  support. 

2.  The  Cini-Sawatzky  model  for  covalent  systems 

The  Cini-Sawatzky  model  has  been  the  basis  for  under¬ 
standing  correlation  effects  in  Auger  line  shapes.  In  elemen¬ 
tal  solids,  two  parameters  determine  the  degree  of 
ocaiizaiion  of  Ihe  CVV  (core-valence-valencei  two-noie 
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final  state.  If  the  effective  Coulomb  repulsion  U„  is  large 
compared  to  the  band  width  {U„  >  f),  the  line  shape  will 
be  atomic-like,  if  P  <  the  line  shape  will  be  band-like.  In 
systems  where  U„  a:  P.  both  atomic-  and  band-like  co^tnb- 
utons  arc  evident  in  the  line  shape  (i  e.  correlation  effects  ate 
important  [7, 8]. 

The  results  of  Cini  and  Sawatzky  were  obtained  from  uti¬ 
lizing  the  Anderson  and  Hubbard  many-body  models.  The 
Cini  expression  was  derived  assuming  an  initially  filled 
single  band  so  that  it  is  not  rigorously  valid  for  partially 
filled  bands  or  degenerate  bands  [7].  Nevertheless,  the  Ctni- 
Sawatzky  expression,  in  the  absence  of  a  better  alternative, 
has  been  used  for  metals,  alloys,  and  insulators,  and  even 
molecules  (i.e.  systems  for  which  the  bands  are  not  filled  and 
which  have  degenerate  bands),  with  apparently  satisfactory 
results. 

The  Cini-Sawatzky  results  can  be  simply  understood  by 
considering  a  cluster  LCAO-MO-CI  technique  where 
molecular  orbitals  (MO's)  are  constructed  and  mixed  in  a 
configuration  interaction  (Cl)  [27],  For  the  moment  con¬ 
sider  a  simple  two  orbital  system  which  has  two  holes 
present  resulting  from  the  Auger  process  in  an  initially  filled 
state  [28],  The  holes  can  be  described  by  one-electron 
molecular  orbitals  =  fV(/,  +  /,)  and  if),  =  N^f^  -  ft) 
(bonding  and  antibonding  molecular  orbitals  constructed 
from  ±  linear  combinations  of  atomic  orbilals,/  on  atom  I 
or  2)  with  binding  energy  c  P  and « -  P  (e  «•  </ilH|/,> 
and  P  =  72</i  I W I  /j)  where  P  is  called  the  covalent  inter¬ 
action  and  H  is  the  the  proper  Hamiltonian  opetator).  This 
gives  the  Hamiltonian  matnx  as  follows: 

<t>} 

fli,M2£-bP-KS  t/i,-(7u| 

■^.Mf/ii-U.i  2t  +  P  +  d|  '' 

where  I/,,  »  </f  IriVl/')  and  Uu  =  </,/2|r,*,'|/,/2>. 
Clearly  if  P  <  C/,,  -  U,j,  very  little  mixing  occurs  and  the 
hole  state  M.O.'  r  d>t  and  (b,  properly  describe  the  localiza¬ 
tion  of  the  two  holes.  In  this  instance  the  Auger  line  shape 
is  molecular-like.  If  P>(/i|-(fi2,  the  mixing  of  the 
configurations  is  complete  and  the  linear  combination 
bl  fi  otfl  properly  describe  the  localization  of  the 

holes.  As  such,  the  line  shape  is  atomic-like  and  gives  Auger 
intensities  reflecting  the  DOS  on  the  atom  with  the  core- 
hole.  If  P«(7,,-1/,2,  of  course  intermediate  mixing 
occurs  giving  both  coninbutions. 

For  metallic  behavior.  C/|2,  will  be  drastically  reduced  by 
electron  screening,  so  that  AD » D,,.  For  extended 
systems,  the  parameter  iS  goes  to  zero.  This  is  the  essence  of 
the  Cini-Sawatzky  expression,  eq.  (2). 

Dunlap  et  al.  have  generalized  these  concepts  to  multi¬ 
element  covalent  systems  by  providing  enteria. 


AO:  P<AU„. 

BO;  P>AD„.  <AUn. 
GO-  •/  >  ADfc^,  r  <  AD,,. 
EBO-  r>AD„. 


lor  assessing  the  nature  of  localization  m  covalent  systems 
where  intermediate  levels  of  localization  can  occur  [28],  In 


ihese  systems  the  localiz-itton  can  occur  onto  atomic,  bond. 
-rouD  jt  ixienaed  band  orbitals  (AC  BO  GO.  or  EBOl 


iri»*  ilv  f  \.'0  n 


Fig.  i.  lUuctntioii  of  the  dieetive  hole>hole  repultioni  C/ti.  (/»»  C/J, 
(t/*  mAVintq.  (2)3  end  the  cofretpondinf  inienction  parameter.  T.  ?.  or 
V  for  the  NO)  iomd.  GO,  BO.  aod  AO  refer  to  poup  (or  duiter).  bond 
and  atomic  ortetala.  mpectivdy 

Here  V  is  the  covaient  interaction  between  nearest  neigh¬ 
bor  AO’s  and  can  be  estimated  from  the  bonding- 
antibonding  orbital  energy  separation,  y  is  the  covalent 
interaction  between  nearest  neighbor  BO’s  and  can  be  esti¬ 
mated  from  the  s  and  p  atomic  orbital  energy  separation.  F 
is  the  covalent  interaction  between  neighboring  GO's;  for 
example,  the  GO’S  are  the  planer  arrangement  of  three  N-0 
BO’s  about  a  single  N  atom.  (In  metals,  the  extended  band 
width  is  determined  primarily  by  V,  but  more  commonly  the 
symbol  F  is  used  to  refer  to  the  extended  bandwidth.  Con¬ 
sistent  with  this,  F  is  used  in  the  previous  section  to  refer  to 
the  bandwidtbs  m  metals.)  D„ ,  D,,  and  V„  are  the  effective 
Coulomb  interactions  between  holes  localized  on  a  single 
AO.  BO  or  GO,  respectively,  and  are  schemaucally  defined 
in  Fig.  1. 

To  intuitively  understand  this  intermediate  level  localiza¬ 
tion  phenomena  consider  Fig.  2.  Figure  2,  utilizing  a  sche- 
mauc  one-electron  DOS,  illustrates  the  covalent  parameters 
P,  ■/,  and  F  and  the  application  of  eq.  (1)  with  increasingly 
larger  values  of  U.  p*p  in  Fig.  2(b)  is  representative  of  the 
Auger  line  shape  provided  the  a,  o*,  n,  and  it*  bands  are  all 
filled  and  all  localization  effects  are  negligible.  Le.  AD  =  0. 
Figures  2(cH0  show  clearly  that  distonion  effects  on  each 
subband  are  reasonably  independent  of  the  other  regions  of 
the  spectrum  until  D  is  suSidently  large  to  encompass  these 
other  regions.  For  D  =  0.1-l.SeV,  no  sigmficant  distortion 
effects  occur  indicaung  the  EBO’s  best  desenbe  the  final 
state  holes.  For  D  =  1.5-2.5eV,  the  various  It  {If  =  ss.  sp, 
etc.)  subbands  ate  distorted  into  narrower  resonance-like 
features  indicative  of  localization  onto  single  GO’s. 
D  =  2.5-4eV  causes  mixing  of  bands  with  bonding- 
antibonding  character  and  demonstrates  localization  onto 

's.rr»r»r4  «-»v*  'srnmtF*  (AO*S^  If 
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hf.  2.  (a)  Schemiiic  onMlectron  DOS,  f.  and  an  illuaicaiion  of  r.  7.  and 
V  as  definnd  in  Fij.  1.  Here  F  •  2eV,  7  •  5eV  and  V  «,  30«V.  (b)  Com* 
panson  of  pV  (dashed  line)  and  the  Hilbert  transto'm,  1(E)  (solid  lines 
(cHO  Comparison  of  pV  (dashed  line)  noth  d(£)  (sohd  hne)  obtained  from 
uiiloini  er).  (2)  wiih  the  U's  indicated 

are  eropiy,  as  in  most  covalent  systems,  localization  onto 
the  atomic  orbitals  wtll  not  occur  because  the  mixing  in  of 
empty  orbitals  means  the  final  state  holes  are  being  screened 
by  other  electrons  and  hence  the  effective  U  is  decreased. 

Now  consider  diamond.  It  is  well  known  that  the  best 
starting  point  for  considering  the  occupied  DOS  in  diamond 
IS  to  consider  a  linear  combination  of  bond  orbitals,  since 
the  bonding  and  antibonding  a  bands  are  so  far  removed  m 
energy  from  one  another  (they  are  separated  by  a  large  band 
gap).  Thus,  we  can  say  at  the  outset  that  Al/„  <  V  (the 
AO-AO  interaction  parameter),  and  we  will  not  have 
atomic  localization  such  as  that  seen  in  the  metals  discussed 
above.  What  about  BO  localization?  The  one-electron  DOS 
for  diamond  has  the  s  and  p  dominated  peaks  separated  by 
more  than  lOeV  [29],  These  5  and  p  DOS  arise  from  the 
clustcnng  of  four  bond  orbitals  about  each  C  atom  having  s 
and  p  aymmetry  (actually  ai  and  tj  symmetry  in  the  point 
group  for  tetrahedral  symmetry,  T,i).  If  the  s  and  p  bands 
can  be  treated  as  separate  bands,  i.e.  <  ■/  (the  BO-BO 
covalent  interaction  parameter),  then  we  do  not  have  BO 
localization.  This  leaves  us  with  GO  localization,  which  is 
proposed  for  diamond. 

We  can  state  this  in  another  way.  When  the  ‘**'1,  muiti- 
plei  contributions  arising  from  the  GO'S  are  resolved  suifi- 
cicntiy  so  that  separate  features  are  visible,  we  can  speak  of 
BO  localization,  since  these  separate  features  then  corre¬ 
spond  to  configurations  of  holes  on  the  same  or  diflfereni 
BO’S  When  the  multiplets  are  not  sufficiently  resolved  we 
loeak  of  GO  localization.  In  this  case,  the  same  ■^‘‘L 
rauiDieis  arisinu  Irom  differeni  bands  decouole.  ana  the 


bands  can  be  treated  independently  [e.g.  the  ss(‘S)  and 
pp(‘S)  multiplets  decouple].  Furthermore  for  small  U’s,  the 
different  multiplets  arising, from  the  same  band 

apparently  can  be  averaged  together  to  give  an  effective  ss. 
sp.  and  pp  contribution  (e.g.  the  ‘5  and  'D  multiplets  from 
the  pp  contnbution  can  be  summed  before  applying  the  Cini 
expression). 

We  can  generaiize  this  picture  for  the  hydrocarbons. 
Examination  of  the  wavefunctions  for  most  hydrocarbons 
show  that  the  MO’s  can  best  be  considered  as  linear  com¬ 
binations  of  CH,  GO’S  [22].  It  follows  that  for  most  of  the 
C  based  >vs;ems,  GO  localization  is  the  best  qualitative 
picture  for  characterizing  the  localization. 

Analysis  of  the  Auger  profiles  and  bonding  in  covalent 
systems  indicates  that  a  correlation  exists  between  the  ionic 
bonding  character  and  the  nature  of  the  localization.  As  the 
bond  orbitals  polarize  from  say  atom  N  to  0  m  an  NO] 
type  cluster  in  Fig.  1,  U^  inaeases,  and  ■/  decreases.  The 
increase  of  U^  relative  to  y  raises  the  extent  of  BO  localiza¬ 
tion.  We  conclude  that  increasing  BO  ionicity  increases  the 
character  of  the  localization  from  GO  to  BO.  Thus  the  more 
ionic  BeO,  [30]  BN  ano  BjOj  [Jl]  solids  can  best  be  char¬ 
acterized  as  exhibiting  BO  localization.  The  silicon  tetra- 
halide  molecules,  SiXt,  exhibit  BO  localization,  consistent 
with  the  large  Si-X  electronegativity  difference,  in  contrast 
with  CF4,  which  does  not,  consistent  with  the  smaller  elec¬ 
tronegativity  difference  here  [32].  The  oxyanions  NO [33], 
POi'  and  SO4',  regardless  of  cation,  exhibit  GO  localiza¬ 
tion  [2$].  In  this  latter  case,  it  is  expected  that  the  holes 
canr..  get  off  of  the  oxyanions  where  ’hev  were  created  by 
’’  ’  i-ts  process,  so  that  GO  scalization  is  a  ‘’an 

..compli.  The  Si  Ljj  W  profile  for  S.O]  exhibits  structure 
smuiar  to  that  for  the  SiX.  molecules,  so  that  it  also  appears 
to  exhibit  some  BO  localization  character  [27], 

The  applicauon  of  the  Cini  expression  to  the  empiriiml 
DOS  for  molecules  is  another  approximation  requiring 
further  justificauon.  This  'S  problematic  since  the  empincal 
DOS  contain  the  vibran-.iial  broademng  which  has  nothing 
to  do  with  the  correlaUon  problem.  However,  vibrational 
broadening  is  also  present  in  the  empirical  DOS  for  solids; 
it  just  is  not  as  evident  since  banding  effects  dominate. 
Extended  covalent  solids  contain  banding  effects  which  also 
do  not  dictate  the  correlation.  To  illustrate  this,  let  us  con¬ 
sider  the  DOS  for  benze  with  that  for  graphite  The  local 
,sp‘  bonding  around  each  C  atom  is  essentially  t.ue  same  and 
thb  is  reflected  in  the  similar  gross  features  m  the  DOS.  The 
small  differences  arise  because  vibrational  effects  dominate 
in  benzene  while  banding  effects  (i.e.  second,  third  etc. 
nearest  neighbor  interacuons)  dominate  for  graphite. 
However,  the  principal  correlation  effects  are  determined  by 
the  local  bonding.  Thus  neither  the  extended  banding  effects 
in  graphite  nor  vibrational  effects  in  benzene  (both  broaden 
the  major  DOS  features)  determme  the  correlation  distor- 
uon.  It  has  been  shown  that  the  Cini  expression  mimics  the 
effects  of  a  configuration  interaction  for  molecules.  Thus,  we 
intuitively  expect  that  the  Cini  expression  has  comparable 
validity  for  molecules  and  covalent  solids.  This  is  true  pro- 
vidcu  the  separauon,  A£.  between  the  molecular  levels  is 
small  compared  with  the  vibrational  broadening,  AV  This 
does  appear  to  be  true  for  the  molecules  such  as  benzene, 
hexane,  and  larger  molecules,  but  may  not  be  appropnate 
■'or  ethviene.  etc.  involving  three  or  less  caroon  atoms  In 
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Fiy.  J.  (a)  Compamon  of  the  C  KVV  expenmental  C34]  and  theoreucal 
Auger  linea  shapes  for  heiueae  (from  Ret  [61).  (b)  The  total  theoretical  hne 
shape  and  each  of  the  components  as  tndtcated.  The  various  contnbuuons 
(kvv,  kv-vw.  k*vw.  ke‘V.  knew)  were  obtained  as  deacnbed  in  the  teat, 
and  havtng  dl/'s.  6's  and  relauve  tntenstues  u  indiated  tn  Tables  I  and 41^ 

these  smaller  molecules,  multipleti  are  also  more  important, 
so  that  this  approach  is  certainly  not  completely  satisfactory 
for  these  small  molecules  [6]. 

Figures  3  and  4  compare  the  optimal  total  theoretical  line 
shape  with  the  experimental  line  shapes  for  ethylene  and 
'  enzene  [34],  In  general,  the  theoretical  line  shapes  gener- 
'.ed  by  the  formalism  described  agree  nicely  with  the 
tpenmental  line  shapes.  Similarly  good  agreement  is 
obtained  for  other  gas  phase  molecules  not  shown.  ;  t.  ;or 
methane,  ethane  and  cyclohexane  ,.6].  Table  1  suir.rr.oricos 
the  Alf  and  S  parameters  for  the  piindpal  kvv  components. 

Comparison  of  the  All's  for  molecules  and  extended' 
solids  in  Table  I  indicates  something  about  the  nature  of  the 
screemng  processes  in  these  covalent  systems.  Note  that  the 
Al/  for  the  CC~CC  contribution  incroisfs  .n  the  order 
c>clohexane  <  polyethylene  <  diamond.  This  can  be  under- 


ffp.  d.  It)  Sum  u  for  Fig.  3  but  for  etbyloie  |U  (34}  (b)  Comptnipii  of 
the  expenmaial  ud  ibwROcil  Auger  bne  ilitcei  for  etbytene  chemi 
lotbed  ou  NKIOO)  at  ItlOK  (»4ionded  ethylene).  Die  tatee  component  (W. 
Vn*.  it*ii*)  line  tbapee  were  obuined  u  dewnbed  in  the  text  and  in  Ref 
(63}  Tbe  leUnve  intaniidta  were  obtained  by  Icui  st|iiarea  lit  to  the 
expenmental  daia.  tFrom  Red.  (63}) 


stood  from  the  definition  of  All  =  U,i  -  U,j.  For  very 
short  screening  lengths,  one  might  expect  both  If,,  and  If,, 
to  be  reduced  substanltally,  so  that  ALf  would  be  decreased 
[10].  For  long  screening  lengths,  one  might  expect  If,,  to 
be  decreased  more  than  I/,,,  having  the  effect  of  increasing 
Alf.  Apparently  the  latter  is  occumng  in  these  matenals. 
The  longer  chain  length  in  polyethylene  and  full  three 
dimensional  covalency  in  diamond  suggests  that  the  extent 


Table  I.  Summary  o/iU  and  S  parameters  obtained  empirically  for  the  theoretutal  kvv  line  shaped 


Molecule 

AWieV) 

6MeV) 

Alkines 

CH-CH 

CH-CC 

cc-cc 

CH-CH 

CH-CC 

CC-CC 

Mrtb&ne 

0 

12 

Ethane 

I 

1 

0 

12 

10 

10 

Cyclohexane 

i 

3 

1,25 

9 

9 

9 

Polyethylene 

3 

3 

1,25 

0 

0 

0 

Diamond 

2 

0 

Aikenes 

09 

ox 

09 

OK 

na 

Eihviene 

z 

1 

0 

9 

11 

11 

Benzene 

2 

1 

0 

$ 

0 

6 

Graohite 

•> 

1 

0 

0 

0 

0 

“Bucavoair 

2 

1 

0 

0 

0 

0 
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of  polanzauon  should  increase  in  the  order  cyclo¬ 
hexane  <  polyethylene  <  diamond.  This  increased  polanza- 
tion  then  has  the  effect  of  increasing  AU.  For  the  alkenes, 
the  AU’s  are  all  the  same.  This  suggests  that  the  screening 
length  IS  much  shorter  so  that  “fiiir  screening  already 
occurs  in  ethylene.  This  is  consistent  with  the  more  delocal¬ 
ized  7!  electrons  in  the  alkenes. 

The  d  parameters  in  eqs  (1)  and  (6)  are  interpreted  as  the 
delocalized  hole-hole  repulsion  [6,  23].  As  the  size  of  the 
molecule  increases.  Table  I  shows  that  d  decreases,  reflecting 
the  ability  of  the  two  final  state  holes  to  stay  apart  from 
’.ach  other  in  the  delocalized  molecular  orbitals.  Note  also 
that  for  similar  sized  molecules,  the  S‘$  for  the  alkenes  are 
smaller  than  for  the  alkanes.  This  may  reflect  the  increased 
screening  due  to  the  it  electrons.  Note  that  the  S's  are  zero 
for  the  extended  solids,  as  expected,  although  a  controversy 
has  existed  for  polyethylene  (the  problem  has  arisen  from 
energy  calibration  problems  which  will  not  be  discussed 
here  [35. 36]. 

Cini  has  recently  applied  the  BLA  theory  (to  be  discussed 
bnefiy  in  tne  next  section)  along  with  the  full  multiplet  and 
intermediate  spin-orbit  coupling  theory,  without  further 
simplifying  assumptions,  to  the  C  KW  line  shape  of  graph¬ 
ite  [3^.  llie  theoretical  line  shape  he  obtained  was  amaz¬ 
ingly  similar  to  that  obtained  empirically  by  us  [10],  when 
we  ignored  the  multiplet  decomposition  and  applied  the 
Cini  expression  directly  to  the  full  ss  to  the  ss,  sp  and  pp 
contnbuttons  [10],  It  seems  clear  that  the  approximations 
discussed  above  are  indeed  valid  for  these  carbon  based 
systems  when  the  correlation  effects  are  not  too  dramatic. 
Alt.iough  the  theoretical  line  shapes  obuined  by  Cini  and 
us  were  nearly  the  same,  the  resultant  tTs  were  very  differ¬ 
ent.  We  initially  found  Vs  of  0.6,  1.3  and  2.2eV  for  the  air. 
an,  and  aa  components  [10]  (in  a  slightly  different  pro¬ 
cedure  we  [6]  obtained  the  values  in  Table  III  namely  0, 1, 
and  2eV),  while  Cini  found  values  of  5.5,  II  and  lleV. 
What  can  account  for  these  dramatically  different  Vs  but 
with  the  same  line  shape?  The  AVs  reported  in  Table  1  are 
interpreted  as  i.e.  appropriate  for  group  or 

cluster  orbitals  as  discussed  above,  and  these  values  are  rea¬ 
sonable  in  this  context.  1  suspect  the  Vs  reported  by  Cini 
represent  the  single  center  (/u  on  a  smgie  carbon  atom  or 
cluster  orbital,  and  thus  are  also  reasonable.  Nevertheless 
more  theoretical  work  needs  to  be  done  here  to  more  funda¬ 
mentally  understand  the  U  parameters  obtained  for  highly 
covalent  systems. 


3.  The  problem  of  unfilled  bands 

Within  the  approximation  discussed  above,  covalently 
bonded  systems  genera’ly  have  initially  filled  bands.  This  is 
particularly  rue  for  the  a  bands,  which  are  generally  far 
removed  from  the  a*  bands.  On  the  other  hand,  the  separa¬ 
tion  between  the  n  and  n*  bands  is  much  smaller,  so  that 
the  It  and  it*  bands  together  may  have  to  be  treated  as  a 
single  band.  In  this  case  the  n  band  is  half-filled  in  the  initial 
state,  and  many  additional  complications  enter.  Sawatzky 
has  presented  a  simple  illustration  for  nearly  half-filled 
'ands  snowing  that  the  usual  theory  is  totally  inadeouate 
ir  Ticnlv  correlated  svsiems  in  this  case,  and  that  even 


Some  theoretical  work  has  been  reported  for  initially 
unfilled  bands  by  Treglia  et  al.  [38],  Cini  et  al.  [39-41]  and 
Liebsch  [42],  We  briefly  summarize  some  of  this  work. 
According  to  Treglia  et  aL  the  Cini  equation  is  still  applic¬ 
able  for  nearly  filled  bands  (i.e.  low  hole  density):  however. 
/i(£)  must  now  include  the  self-energy  effects.  In  this  pre¬ 
scription,  p{E)  might  be  determined  from  the  measured  pho- 
toemission  spectrum  which  includes  static  and  d^amic 
screemng  effects,  etc.  (the  latter  introduces  satellite 
contnbutibns)  [43].  Cubiotti  et  al.  [it4]  applied  the  model  of 
Treglia  et  al.  to  consider  the  XW  spectra  of  several  alloys; 
unfortunately,  they  did  not  compare  their  results  with 
experiment  to  verify  their  findings.  However,  Cini  et  al. 
suggest  that  within  the  ladder  approximation,  the  undressed 
or  bare  one-hole  propagator  is  more  appropriate  (this  has 
betmme  known  as  the  bare  ladder  approximation,  BLA) 
[41],  Cini  has  concluded  for  Pd  [40]  and  graphite  [37], 
both  possessing  unfilled  bands,  that  the  Cini  expression  can 
satisfactorily  be  utilized  with  the  undressed  DOS,  provided 
AU  is  treated  as  a  parameter  to  give  an  optimum  fit  to 
expenment.  and  the  correlation  effects  are  small.  Appar¬ 
ently,  the  two  holes  tend  to  interact  mote  as  bare  holes 
because  the  size  of  their  screening  clouds  is  larger  than  the 
range  of  hole-hole  repulsion.  Bennet  et  al.  [43]  have  intro¬ 
duced  a  procedure  which  removes  any  photoemission  satel¬ 
lite  contributions  so  that  the  undressed  DOS  might  te 
approximated  empiricaily  assummg  the  remaining  static 
screemng  effects  are  relatively  small.  We  believe  that  Cini's 
bare  ladder  approximation  is,  at  last  qualiutively,  able  to 
handle  all  situations.  Treglia’s  approximation  may  also  be 
adequate  provided  the  satellite  contnbuuons  are  removed. 
Which  of  these  approaches  is  better  is  however  not  yet  clear. 

To  intuitively  understand  some  of  the  additional  com¬ 
plications  which  arise  for  half-filled  bands,  and  how  negative 
Vs  may  enter,  we  consider  again  the  simple  diatomic  mol¬ 
ecule  as  m  eq.  (6)  above,  and  compare  the  case  when  the 
band  is  initially  full  on  the  left  and  when  the  band  is  half  full 
on  the  nght: 

Full  Halffull 

Initial  state  (t>\ 

Final  state  <t>\  empty 

Matnx  element  <lslfc]rfj  [^,0,>  <^i0i]rr2'[lskl> 

(8) 

The  Is  and  kl  refer  to  the  core  and  continuum  orbitals 
involved.  The  Auger  matnx  can  be  wntten  in  either  the  hole 
picture  or  the  electron  picture;  le.  we  can  enumerate  the 
electrons  or  the  holes.  Obviously,  on  the  left,  it  is  belter  to 
consider  the  holes,  while  on  the  right  better  to  consider  the 
electrons,  because  in  either  case  we  then  have  an  empty 
band:  empty  of  holes  in  the  imtial  state  on  the  left,  and 
empty  of  electrons  in  the  final  state  on  the  right.  Therefore, 
we  need  to  worry  only  about  final  state  hole-hole  inter¬ 
action  on  the  left,  and  initial  smte  electron-electron  inter¬ 
action  on  the  nght  This  initial  state  electron  interaction  on 
the  nght  will  increase  the  imtial  state  energy,  thus  increasing 
the  Auger  kinetic  energy,  and  make  the  conventional  V 
parameter  come  out  negative.  For  U  >  IF.  the  two  electrons 
will  remain  on  separate  atoms  lantiferromagnetic).  and  the 
Auger  iniensuv  goes  lo  zero  for  less  than  one-half  filled 
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both  the  intensity  and  the  profile.  This  is  to  be  expected, 
since  by  the  nature  of  the  sum  rules,  the  initial  state  must 
always  determine  the  total  intensity  [12]. 

We  have  previously  applied  these  intuitive  ideas  by  uti¬ 
lizing  the  Cini  expression  as  depicted  in  Fig.  S  where  the 
final  stale  and  the  initial  state  rule  prescriptions  are  com¬ 
pared  [45]  In  the  initial  state  prescription,  appropriate  for 
less  than  or  equal  to  half-filled  bands,  the  Cini  expression  is 
applied  to  the  entire  DOS,  occupied  and  unoccupied  por¬ 
tions.  As  U  increases  the  occupied  DOS  self-fold  is  distorted 
upward  by  a  negative  U  and  the  total  Auger  intensity 
(shaded  area)  decreases.  This  is  in  contrast  to  the  final  state 
case,  where  the  dirtorlion  is  downward,  and  the  total  inten¬ 
sity  IS  conserved  because  it  is  applied  only  to  the  occupied 
part.  The  upward  distortion  in  the  less  than  half-filled  case 
occurs  because  the  Auger  process  tends  to  seleci  those  elec¬ 
trons  which  exist  on  the  same  atom  in  the  initial  state.  : 

Evidence  for  negative  U  effects  have  indeed  appeared  in 
the  Auger  lineshape  of  covalent  systems  involving  the  it 
bands.  The  njt  Auger  contnbution  for  the  benzene  molecule 
shows  an  upward  distortion  [45].  It  is  believed  this  arises 
because  the  total  it  band  (bonding  plus  antibonding)  is  half 
filled  in  benzene  and  hence  a  negative  U  is  appropriate 
within  the  initial  state  rule.  Ramaker  also  has  shown  that 
the  itit  contribution  arising  from  the  reconstructed  clean 
diamond  surface  within  Pandey's  it-bonded  chain  model  can 
be  explained  by  a  negative  U,  which  strongly  reduces  the  mt 
contribution  vs.  the  ax  coming  from  the  surface  [11]. 
Finally,  some  very  interesting  correlation  effects  have  been 
observed  in  core  EELS  spectra  for  Ti  and  V  metals  which 
suggest  similar  effects  [4fi]. 

The  existence  of  negative  C/'s  has  also  been  observed  for 
the  transition  metals  on  the  left  side  of  the  penodic  table,  le. 
with  less  the-,  half-filled  id  bands.  Indeed,  the  U  becomes 


pounds,  such  as  CrSc;  and  TlSej  [47].  Different  suggestons 
have  been  given  to  account  for  these  negative  Vs.  DeBoer 
et  oL  [47]  suggested  that  the  negative,  f/'s  were  caused  by  a 
dynamic  bipoiaron  effect  involving  the  conduction  electrons. 
Othere  have  proposed  that  these  are  caused  by  the  potential 
of  the  core-hole  in  the  initial  state,  i  e.  due  to  edge  or  non¬ 
orthogonality  effects  [48,  49].  Ramaker  et  al.  have  argued 
that  for  the  low  electron  density  limit,  i.e.  nearly  empty 
bands,  the  negative  U  values  can  be  interpreted  as  arising 
naturally  from  correlation  effects  in  the  initial  state  as  dis¬ 
cussed  above  [45, 4Q. 

We  can  summarize  these  intuitive  discussions  as  follows 

[1]: 

(a)  The  final  sute  (ce.  ground  state  for  CW  processes) 
DOS  is  the  most  appropriate  one  in  nearly  all  cases. 

(b)  It  is  best  to  use  the  uncorrelated  DOS,  or  the  corre¬ 
lated  DOS  but  without  the  satellite  contributions.  Agree¬ 
ment  on  which  of  these  is  best  has  not  yet  been  obtained. 

(c)  For  nearly  filled  bands,  the  Auger  profile  apparently 
reflects  the  multiplets  from  hote-hole  coupling  in  the  final 
state  that  gives  the  usual  positive  Vs. 

For  significantly  less  than  half-filled  bands,  the  Auger 
profile  rtflects  the  multiplets  of  the  electrons  in  the  initial 
state,  that  gives  negative  Vs  in  the  usual  sense. 

(d)  The  initial  state  determines  the  total  intensity  in  all 
cases.  For  leu  than  half  filled  bands,  electron-electron  coup- 
.  ling  is  critical  to  determining  this  intensity. 

It  seems  dear  that  much  more  rigorous  work  is  required 
to  sort  out  these  complicated  correlauon  and  screening 
effects  for  initially  unfilled  bands.  We  anticipate  much  more 
work  in  this  critical  area  in  the  near  future. 

4.  The  impottaace  of  salellitts 


increasing  negative  as  the  band  becomes  more  unfilled  [47].  The  presence  of  satellite  contnbutions  in  the  Auger  spectra 
Negative  Vs  have  also  been  found  for  some  transition  com-  of  molecules  and  free  atoms  has  been  known  for  some  time, 

but  their  imporunce  (at  least  in  solids)  has  been  recognized 
only  relatively  recently  [6,  50-54].  It  has  been  shown  that 
the  processes  produemg  these  satellite  contributions  are  res 
onant  excitation,  initial-state  shakeoff  and  shakeup,  anc 
final-state  shakeoff  and  shakeup  [6]. 

The  prooeu  creating  each  satelhte  in  the  lineshape  is  illus¬ 
trated  in  Fig.  6.  The  notation  indicates  the  particles  in  the 
iniual  and  final  sutes  before  and  after  the  hyphen  [6].  Here, 
the  “k”  refers  to  the  imtial  Is  core  hole,  the  “e”  to  the  reson¬ 
antly  excited  bound  electron,  and  v  or  n  to  a  general  valence 
(^or  more  specifically  n-valence)  hole  created  either  by  the 
“shakeup"  or  “shakeoff"  process  or  by  the  Auger  decay.  The 
principal  Auger  process  is  indicated  without  the  hyphen 
(kvv  rather  than  k-w)  consistent  with  that  used  histoncally. 
We  use  kw  to  indicate  this  principai  or  normal  Auger  con¬ 
tribution  to  differentiate  it  from  the  total  KW  expeninental 
line  shape. 

In  Fig.  6  ke-we  refers  to  the  resonant  Auger  satellite.  It 
anses  when  Auger  decay  occurs  in  the  presence  of  a  local¬ 
ized  electron,  which  was  created  by  resonant  excitation  into 
an  excitomc  or  bound  state  upon  creation  of  the  core  hole. 


Fiq  5  Schematic  iiiustiation  of  the  final  (FS)  and  iniiial  (IS)  suie  roles  The  ke-v  contnfauuon  anses  when  the  resonantly  excited 
applied  10  a  single-band  rectangular  DOS.Nit\  with  greater  and  less  than  (Ijjtfon  partiopates  in  the  Auger  decay.  The  kite-vvire  and 
li.ilf  (Wed  valence  bans  -  respectiselv  The  DOS  self-fold  Af'.V  and  the  Oni  ,  .  ,i,.,i,.  c  11  j  u 

. . .  ~~  I  I I  leire-vir  eatelliies  anse  from  iniual  state  shake-up  followed  bv 
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11%, 1.0  no  fw  yM  yoo  yoo  no  n.o. 

Fig  6  Summary  of  the  vanous  processes  giving  nse  to  the  total  Auger  line 
shape.  Core.  VB.  ''e"  and  CB  indicate  the  core  level,  valence  band  for  filled 
orbitalsL  '‘exotonic''  (usually  it*)  electron  orbital  and  conduction  band  for 
empty  orbitals)  respecuvely.  Spec  (spectator)  and  paa  (partiapant)  lodi* 
cate  the  subsequent  fate  of  the  resonantly  exoted  electron  dunng  the  Auger 
process.  l.s.  and  Is.  indicate  initial-^tate  and  hoal-state  and  refer  to  the 
state  in  which  the  shakeoff  event  occurs  relative  to  the  Auger  decay.  ^*Ar 
and  N  {Nrmfiintq.  (1)]  refer  to  the  approumate  line  shape  te.  either  a 
DOS  self-fold,  or  just  the  DOS.  with  the  rdative  size  of  AU  in  the  Cmi 
expression  [eq.  (2)}  indicated.  The  resonant  satellites  occur  only  under  elec¬ 
tron  exaiation.  At  the  bottom,  the  presence  (yes)  or  absence  (either  defi¬ 
nitely  not  present  (no)  or  not  evident  (nx.)]  of  each  satellite  is  indicated  for 
benzene  graphite  or  C60.  The  presence  of  a  small  k-wae  utdlite  for 
graphite  is  indicated  but  not  cleu 

$hake-up  upon  filling  the  core  hole  dunng  the  Auger 
process.  Ttie  kv.vvv  satellite  anses  when  Auger  decay  occurs 
in  the  presence  of  a  localized  valence  hole,  which  was 
created  via  the  shakeoff  process  dunng  the  initial  ionization. 
7  >.e  shakeup  or  shakeoff  of  a  valence  electron  is  an  intrinsic 
phenomena  resulting  from  the  “sudden”  change  of  the  core 
hole  potential  upon  iomzauon.  The  k-vw  term  denotes  the 
final  state  shake  Auger  satellite,  which  arises  when  Auger 
decay  occurs  simultaneously  with  shakeoff  of  a  valence  hole. 
These  latter  five  terms  arise  as  a  direct  result  of  core  hole 
screening.  The  ke-we  and  ke-v  terms  arise  because  the 
Auger  process  is  generally  ezcited  by  electron  ezcitaaon 
which  allows  the  resonant  ezduuon. 

In  light  of  the  above,  the  line  shape  apparently  consists  of 
the  sum  of  several  intensities,  namely  that  of  the  principal 
kvv  coninbution  plus  several  satellites.  The  reiauve  inten- 
si'ies  of  the  satellites  are  generally  obtained  by  least  squares 
fit  of  the  several  line  shapes  to  the  expenmentai  spectra  [6. 
5^.  The  results  for  benzene,  ethylene,  and  C,,  are  shown  in 
Figs  3.  4  and  7,  respectively.  The  'esults  in  Fig.  4  for  ethyl¬ 
ene  and  :ne  conclusion.,  concertung  the  importance  of  satel¬ 
lite  coninbutions  utilizing  the  semi-empincal  method  is 
totally  consistent  with  recent  ab-initio  Green’s  functions 
results  reported  by  Ohrendorf  et  al.  [55]. 

Figure  6  schematically  indicates  how  we  generate  the  line- 
shape  for  each  satellite  and  compares  the  presence  of  these 
satellites  for  benzene,  graphite,  and  C,,.  Table  II  sum- 
manzes  the  intensities  of  each  satellite  for  all  the  carbon 
systems  studied.  In  Fig.  6,  tl*S  indicates  the  normal  DOS 
self-fold  weighted  with  atomic  mainx  elements  and  with  the 
optimal  I/'s  and/or  d's  included  [i.e.  eq.  (1)  with  the  U's  and 
i>'s  n  Table  I]. 

The  ke-we  lineshape  also  reflects  a  DOS  self-fold  but 


Fig.  7.  Coropuuon  of  the  C  KVV  ex|Mniiieat.l  uid  theoretical  Auger  line 
shapes  for  C...  (From  Ref.  [56].)  The  kse-vs  (is.  SU/pan )  and  k-wne  (f  s. 
SU)  taieUiies  were  shifted  by  a- 5  5  and  -S5eV  respectively  consistent 
with  that  indicated  by  the  C  Is  XPS  dau  [60]  The  relative  inienstties  are 
pveti  in  Table  11 


holes.  The  ke-v  lineshape  in  contrast  reflects  directly  the 
DOSi  however,  shifted  by  the  binding  energy  of  the  excited 
elearon  [6].  The  resonantly  excited  satellites  appear  only 
with  t  lectron  exatation,  and  arc  clearly  present  for  ethylene 
and  benzene  (Figs  3  and  4).  They  do  not  appear  in  graphite 
or  C,o  because  the  resonantly  excited  electron  propagates 
away  from  the  core  hole  before  the  Auger  decay.  This  is 
cvide:it  from  comparison  of  the  electron  excited  and  x-ray 
excited  Auger  lineshapes,  which  are  identical  for  graphite 
[10]  and  C,o  [56-58],  but  not  for  benzene  [6]. 

'The  initial  and  final  sute  shakeup  satellites  enter  with 
large  intensity  for  C.o-  They  are  not  evident  in  benzene  nor 
the  alkanes,  because  the  shakeup  probability  .s  significantly 
smaller,  as  indicated  by  the  C  Is  XPS  spectra,  and  because 
at  least  for  benzene,  the  resonantly  excited  contributions  are 
larger  and  appear  in  the  same  energy  region.  The  kne-vn 
mtellite  appears  in  graphite,  but  only  with  small  intensity, 
and  only  from  shakeup  right  near  the  Fetmi  evel  (i.e.  excita¬ 
tion  of  electron-hole  p.Tirs  across  the  negi;y.„ly  small  band 
gap)  [59].  The  higher  eusrgy  n  to  it*  exatations  are  appar¬ 
ently  not  sulliciently  localiud  in  graphite  to  cause  a  satel¬ 
lite,  but  they  do  appear  quantitatively  in  C,,.  C  Is  XPS 
dau  reveals  a  shakeup  satellite  of  about  )5  ±  10%  with  a 
shakeup  energy  around  5.5eV  for  C,,  [60].  Simple  calcu¬ 
lations  reveal  that  thT^deOTon  should  participate  in  the 
Auger  decay  about  47%  of  the  time  giving  a  the^etical  esti¬ 
mate  for  this  satellite  intensity  of  006  in  mm  agreement 


Table  II.  Sunonury  of  satellite  intensities  in  percent' 


kw^ 

ke-v 

ke-we 

kse-vx 

k-wne 

kv-wv 

k-vvv 

Metbaae 

SI 

0 

12 

0 

0 

20 

17 

EUuoe 

52 

0 

12 

0 

0 

21 

15 

Cxciohexue 

54 

0 

8 

0 

0 

19 

19 

Polyetbyicae 

67 

3 

U 

0 

0 

17-21 

0 

Dtaioont) 

100 

0 

0 

0 

0 

0 

0 

Ethylene 

50 

2 

13 

0 

0 

20 

15 

''Benzene 

56 

1 

6 

0 

0 

21 

16 

Grapiute 

93 

0 

0 

V 

0 

0 

0 

“Buckybair 

67 

0 

0 

16 

18 

0 

0 

•  From  Ref  [6] 
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t  with  that  found  etpenmentaily  (Table  II).  Furtheimore,  the 

1  final  state  shakeup  k-wiie  satellite  should  then  appear  with 

1  0.13  intensity  [0.I5*(1  -  0.15)],  slightly  larger  than  the  0.#8 

found  expe'nmentally. 

We  note  that  the  relative  intensities  of  the  kv-vw  satel¬ 
lites  for  the  6  molecules  listed  in  Table  II  are  essentially  all 
I  around  20%  to  within  experimental  error  [6].  Methane  is 

i  I  isoelectronic  with  the  neon  atom.  The  shakeoff  probability 

i  I  for  neon  has  been  both  measured  and  calculated  to  be 

I  1  around  21%.  This  is  in  excellent  agreement  with  that  found 

J  for  all  of  the  carbon  systems  [61,  62],  Table  II  shows  that 

the  empincally  determined  intensity  for  the  k-vw  satellite  is 
quite  constant  around  17%  in  close  agreement  with  that 
■  expected  theoretically  [i,e.  0.21*(1  -  0.21)  =  0.17]. 

The  kv-vvv  satellite  does  not  appear  in  graphite, 
diamond,  and  C«,  because  the  shakeoff  valence  hole  is  not 
sufliciently  localized  to  witness  the  Auger  decay  [10, 11, 56], 
In  the  presence  of  a  core  hole,  the  occupied  valence  band 
DOS  of  diamond  indeed  does  not  exhibit  any  bound  states 
[9].  on  the  other  hand,  the  DOS  for  polyethylene  in  the 
presence  of  a  core  hole  does  exhibit  narrow  peaks  indicative 
of  bound-like  states,  consistent  with  the  the  kv-vvv  satellite 
observed  for  polyethylene.  The  k-vw  final  state  shakeoff 
satellites  are  not  evident  (although  surely  present)  for  the 
,  solids  because  these  are  removed  along  with  the  extrinsic 

{  loss  conttibutions  in  the  deconvolution  process  utilized  to 

generate  the  lineshape. 

I  In  summary  the  correlation  effects  m  benzene,  Cfp,  and 

graphite  are  the  same.  The  lj"'it*  resonant  and  Is‘'ii"* 
shakeoff  exataiions  are  delocalized  in  times  short  relative  to 
the  core  level  width  in  both  graphite  and  C«o;  however,  the 
Is" 'it' 'll*  shakeup  excitation  is  localized  in  C,,,  but  not 
graphite.  Finally  no  evidence  exist  for  local  spin  ordering  of 
the  n  electrons  in  C,v>  as  seen  on  the  surface  of  diamond 
(see  Section  3).  We  might  have  expected  this  because  of  the 
reduced  non-planar  p-p  interaction  in  the  it  band  of  C60. 
but  apparently  this  reduction  is  not  significant  [56]. 

I  5.  Molecular  adsorbates 

Once  a  molecule  is  placed  on  a  metal  surface,  localization  of 
the  hole  on  the  molecule  is  no  longer  a  fait  accompli.  The 
hole  can  escape  via  electron  transfer  from  the  substrate,  le. 
charge  transfer.  It  is  therefore  interesung  to  compare  the 
Auger  spectrum  for  the  free  molecule  with  that  for  the 
molecular  adsorbate. 

We  consider  in  detail  here  the  results  for  ethylene/Ni  at 
1(X)  K.  Figure  4  compares  the  Auger  line  shape  for  gas  phase 
CjH»  with  CjHj/Ni  at  100  K  (i.e.  for  it-bonded  ethylene) 
[63].  The  spectrum  in  Fig.  4(b)  was  excited  by  x-rays,  so 
that  no  resonant  satellites  appr  ar.  Charge  transfer  from  the 
substrate  into  the  n*  orbito.  occurs  to  screen  the  holes,  in 
both  the  core-hole  imtial  ..late  .  nd  the  two-  or  three-hole 
Auger  final  state.  This  charge  transfer  has  the  affect  of 
decreasing  the  AC/  and  5  parameters;  the  transferred  charge 
playing  the  role  of  the  resonantly  excited  electron  in  the  gas 
phase  [63]  Thus  the  kvv  and  kv-vvv  contributions  which 
compnse  the  intramolecular  component  (i.e.  termed  the  VV 
componenti  for  the  chemisorbed  state  are  similar  to  the 
ke-vve  and  kvv  in  the  gas.  The  Vn*  component  is  simitar  to 


unated  in  Fig.  4(b)  by  the  Ni  L,  W  Auger  line  shape. 
Although  the  latter  two  components  are  fadlitated  through 
an  intra-atomic  Vit*  and  ii*it*  Auger  process,  respectively, 
they  ulthriately  appear  inter-atomic  in  character  because 
one  or  both  boles  ultimately  end  up  on  the  substrate  [63]. 

The  relative  intensities  of  the  three  components  can  be  | 
understood  within  the  final  state  rule.  The  electronic  con¬ 
figuration  per  carbon  atom  in  the  ground  state  of  chemi-  , 
sorbed  ethylene,  assuming  charge  neutrahty,  is  nominally  | 
<rV"*jt*',  where  the  x  indicates  the  it  bonding  and  it*  | 
back-bonding  charge  transfer  involved  in  the  interaction  \ 
with  the  metal  substrate.  Upon  creation  of  the  core  hole,  we  ; 
expect  that  the  valence  electronic  configuration  assuming  j 
charge  neutrality,  becomes  o’lr'it*'  or  V*it*',  where  y  is  the 
net  charge  tranrfer  in  the  presence  of  the  initial  core  hole. 

The  relative  intensities  of  the  components,  W :  Vit* :  it*n* 
should  then  be  16 ;  8y :  y^,  or  upon  including  the  F|„  matrix 
elements  13:7y:y^.  Bmt  agreement  with  the  results 
obtained  from  the  fit  to  the  experimental  line  shapes  ' 
(56:34: 10,  total  normalized  to  100)  is  obtained  when  | 
y  ••  1.3,  which  gives  relative  intensities  of  55 ;  38  ;  7  [63],  * 

The  1.3  total  electron  transfer  is  consistent  with  the  1.3  core  ‘ 

hole  screening  electrons  found  in  benzene  as  determined 
from  ab-initio  theoretical  calculations  [64],  j 

Similar  interpreutions  of  the  Auger  line  shapes  for 
ethylene/Ni  at  different  temperatures  have  been  reported  by 
Ramaker  et  al.  [63, 65].  Most  interesting  of  these  results  is 
the  evidence  that  the  line  shape  at  600  K  is  not  representa-  j 
tive  of  a  true  carbide,  since  considerable  C— C  bonding  ; 

character  is  reflected  in  the  line  shape.  Similar  C  KW  j 

Auger  dau  reported  by  Caputi  et  al.  reveal  further  changes 
in  the  line  shape  around  620 K  [66].  Quanutative  interpre-  ' 

tations  of  tbeK  data  suggest  that  the  amount  of  C— C  ^ 

bondmg  character  decreases  at  this  temperature  [65].  ' 

Recently,  CEEU  dau  has  shown  that  the  C— C  bonding  ; 

below  600  K  corresponds  to  C,  (n  mostly  equal  to  2)  hon-  I 

zontally  bonded  to  the  surface,  and  that  above  620  K  a  sig-  j 

nificant  fraction  of  the  C,  dissociates;  however,  at  high  | 

coverages,  some  of  the  Cj's  flip  up  vertical  to  the  surface  I 

[67].  Comparison  with  theoreucal  calculauons  [68]  and  ^ 
additional  expenmenial  data  indicate  that  these  vertical  Ci's  | 
serve  as  precursors  to  the  graphite  nucleation  sites  [67].  I 

6.  Siuamary  and  thoughts  for  the  future  | 

In  summary,  the  chemical  effects  seen  in  the  vanous  expen-  I 

mental  C  KW  line  shapes  do  not  anse  from  one-electron  | 

effects,  but  rather  from  many-body  correlation  and  screen-  | 

ing  effects.  This  is  apparent  because  the  DOS  seif-folds  are  | 

very  similar  to  each  other,  m  contrast  to  the  experunental  I 

line  shapes  which  reveal  significant  differences.  Thus  the  dif-  | 

fetences  seen  between  graphite  and  diamond  hr  example  I 

result  because  diamond  has  just  the  <r  orbitals  with  a  single  | 

AU,  graphite  has  both  a  and  ii  orbitals  with  different  Af/'s  I 

for  the  aa,  <nt  and  itir  holes.  The  differences  between  I 

benzene,  diamond,  and  C«a  arise  pnmanly  from  the  differ-  | 

ent  satellite  magnitudes  present  On  the  other  hand,  the  | 

hole-hole  correlauon  and  repulsion  effects  are  much  dimin-  ' 

ished  for  chemisorbed  systems  because  of  metallic  screening  * 

from  the  substrate.  In  the  chemisorbed  case,  and  only  in  this  ' 

. .  vxrir  A.,„.r  l.n.  clnpa  rad.rtc  th.  nnC  ' 
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The  review  above  of  several  areas  where  Auger  line  shape 
interpretation  has  provided  considerable  insight  into  local¬ 
ization.  charge  transfer,  polarization,  and  screening  pro¬ 
cesses  should  convince  many  readers  that  the  results 
obtainable  from  this  approach  are  worth  the  effort. 
However,  Auger  line  shape  analysis  has  not  realized  its  full 
potential  because  a  quantitative  interpretation  is  still  a  for- 
midaple  task  in  view  of  the  many  sunultaneous  processes 
and  the  many-body  effects  reflected  in  the  total  line  shape, 
indeed,  often  just  the  extracoon  of  the  line  shape  (i.e 
removal  of  the  background  and  inelastic  losses)  is  not  an 
easy  task. 

One  way  to  simplify  these  two  tasks  is  to  limit  the 
number  of  variables  or  to  limit  the  number  of  simultaneous 
processes.  I  believe  this  is  the  direction  of  the  future  for 
AES.  and  that  much  progress  will  be  made  in  this  area  in 
the  coming  years.  The  background  and  magnitude  can  be 
controlled  by  positron  induced  AES,  PAES  [69-71]  and 
coincident  techniques  (Auger-photoelectron  coincidence 
spectroscopy,  APECS  [72])  The  latter  technique  also  con¬ 
trols  the  initial  state  which  .ontrols  the  magnitude  of  the 
initial  state  satellites.  A  second  way  of  controlling  the  initial 
state  is  by  uulizing  a  tunable  photon  source,  such  as  a  syn¬ 
chrotron,  to  resonantly  excite  a  core  electron  into  a  bound 
state  (i.e.  via  de-excitation  electron  spectroscopy,  OES  [73]). 
By  measunng  the  spin  polarization  of  the  Auger  electrons 
one  gains  additional  information  about  the  possible  process 
which  caused  them  [74].  Spin  polarized  AES  (SPAES)  thus 
has  two  aspects;  namely  it  assists  in  interpreting  the  normal 
1V(£)  spectra  and  it  has  the  potential  to  provide  useful  infor¬ 
mation  in  surface  magnetism.  Strong  angular  variations  in 
the  Auger  line  shapes  of  adsorbed  molecules  have  also  been 
observed  [75,  76].  These  angular  vanations  are  of  signifi¬ 
cant  help  in  determining  the  correct  assignment  of  some  of 
the  fine  structure  in  the  line  shape. 

We  know  that  the  Cini  expression  will  continue  to  be 
used  on  a  wide  variety  of  systems;  even  in  the  event  of  some 
progress  in  developing  a  theory  for  unfilled  and  degenerate 
bands.  But  much  further  work  is  needed  to  learn  of  its  Imii- 
tations  and  validity  for  a  wider  variety  of  raatenals. 

Most  Auger  line  shape  interpretations  to  date  have  been 
on  homogeneous  solids,  molecules,  or  at  least  on  well  char- 
actenzcii  surfaces.  And  most  interpretation  schemes  in  the 
past  re  luire  a  one-electron  DOS,  which  is  then  utilized  to 
generate  a  self-fold  for  insertion  into  the  Cini  expression. 
The  DOS  are  normally  obtained  empincaliy  as  described 
above.  But  the  future  will  demand  a  study  of  more  complex 
practical  systems.  As  the  technology  moves  to  more 
complex  “engmeeied”  inhomogeneous  materials  such  as 
multi-elemental  alloys,  composites,  matnees,  high  tem¬ 
perature  superconductors,  and  interfaces,  AES  is  going  to  be 
increasingly  useful  because  of  its  ability  to  sample  a  site  or 
element  specific  local  DOS.  Thus,  the  future  of  AES  is 
bnght,  but  the  theory  must  advance  to  be  able  to  handle 
these  increasingly  complex  systems.  Much  work  remains  to 
be  done. 
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